Corneal neovascularization develops in several pathologic conditions, but its underlying mechanisms remain elusive. We used a mouse inflammatory corneal model (corneas cauterized with silver nitrate) and assessed the role of monocyte/macrophage-attracting factors, macrophage chemotactic protein-1 (MCP-1), and a proinflammatory cytokine, IL-1␤, on macrophage recruitment and neovascularization. Both MCP-1, IL-1␤ protein, and mRNA levels increased markedly 12 hours after the chemical cauterization. In situ hybridization showed that MCP-1 was located in corneal epithelial cells, and IL-1␤ was located in corneal epithelial cells and infiltrating inflammatory cells. In addition, double staining of corneas with antibodies specific for monocytes/macrophages and IL-1␤ revealed that IL-1␤ was found in infiltrating monocytes/macrophages at Day 2 after cauterization. Both IL-1␤ and MCP-1 induced neovascularization in a rat cornea model, and the cauterization-induced corneal neovascularization was partially inhibited by subconjunctival injection of anti-IL-1␤ or anti-MCP-1. Coadministration of two antibodies inhibited corneal neovascularization slightly more than that by the administration of each. In contrast, administration of the anti-MCP-1 or anti-IL-1␤ showed minimal inhibition of basic fibroblast growth factor-driven corneal neovascularization by mouse cornea assay. Cauterized corneas treated with anti-MCP-1 antibody had significantly fewer monocytes/macrophages than control. These results indicate the existence of distinct monocyte/macrophage-involved angiogenic pathways in mouse cornea, in which MCP-1 released from corneal epithelial cells attracts monocytes/macrophages into the cornea, where they release IL-1␤ leading to inflammatory neovascularization. In addition, the IL-1␤ and MCP-1 released from the corneal epithelial cells may directly induce corneal neovascularization. (Lab Invest 2003, 83:927-938).
N eovascularization is a common feature of inflammatory, infectious, and traumatic diseases of the cornea (Chang et al, 2001; Epstein et al, 1987; Klintworth and Burger, 1983) . Although it can occasionally serve a beneficial role in the clearing of infections and wound healing, its disadvantages are numerous. For example, neovascularization is a severely disabling condition resulting in loss of the immunologic privilege of the cornea and can cause an impairment of vision.
To date, the pathogenesis of corneal neovascularization has not been clearly defined, and the identity and significance of the angiogenic growth factors are not fully known. Investigations have supported the hypotheses that corneal neovascularization is a manifestation of an inflammatory response and that leukocytes play an essential role in stimulating corneal vascular ingrowth (Dana et al, 1998b; Gan and Fagerholm, 2001; Moromizato et al, 2000; Zhu and Dana, 1999) . Among the inflammatory cells, macrophages perform a wide variety of biologic functions including participation in neovascularization (Crowther et al, 2001; Sunderkotter et al, 1994) . Polverini et al (1977) have demonstrated that a conditioned medium derived from activated macrophages can induce angiogenesis. In addition, tumor-associated macrophage infiltration is correlated with angiogenesis in individuals with invasive breast cancer (Lewis et al, 2000) . These observations suggest that activated monocytes/macrophages may also be involved in corneal inflammatory neovascularization.
The angiogenic potential of cells and substances has been determined in several angiogenic model systems, such as the in vivo corneal micropocket assay (Kenyon et al, 1996; Yoshida et al, 1997 Yoshida et al, , 1998 Yoshida et al, , 1999a Yoshida et al, , 2003b and the inflammatory corneal model of neovascularization (Amano et al, 1998; Dana et al, 1998b; Edelman et al, 1999; Ogawa et al, 1999; Sunderkotter et al, 1991; Zhang et al, 2002) . Using the mouse inflammatory corneal model in which corneas are cauterized with silver nitrate, we have found that angiogenesis is associated with the influx of monocytes/macrophages. This observation demonstrated that the cauterized murine cornea is a useful model for further studies on the role played by monocytes/ macrophages and their cell products in the angiogenic process (Ogawa et al, 1999) .
Chemokines, a family of structurally related cytokines involved in the activation and directed migration of immune cells, may be pathophysiologically important mediators of inflammation (Kunkel, 1999) . We have previously demonstrated that a chemokine, macrophage inflammatory protein-1␣ (MIP-1␣), which mediates the recruitment of monocytes/macrophages in several inflammatory diseases, is induced during neovascularization in a mouse model of inflammatory corneal neovascularization (Ogawa et al, 1999) and oxygen-induced ischemic retinopathy (Yoshida et al, 2003a) . Another well-studied chemokine that is a strong chemoattractant for monocytes/macrophages is monocyte chemotactic protein-1 (MCP-1). MCP-1 mediates the recruitment of monocytes/macrophages in several inflammation models and diseases (Strieter et al, 1996) and can also induce corneal neovascularization (Goede et al, 1999) . However, it remains unclear whether MCP-1 plays a role in inflammatory corneal neovascularization.
Recruited monocytes/macrophages can produce a number of growth stimulators and inhibitors, proteolytic enzymes, and cytokines at the site of injury that are capable of modulating new vessel formation (Sunderkotter et al, 1994) . TNF-␣ is an angiogenic molecule produced by monocytes/macrophages and is a likely candidate for an angiogenic regulator during wound healing (Fahey et al, 1990) . We have shown that TNF-␣ may also trigger angiogenesis by inducing IL-8 and vascular endothelial growth factor, as an autocrine or a paracrine, by the corneal micropocket assay (Yoshida et al, 1997) . However, in the mouse model of chemical cauterization, the level of TNF-␣ was not increased by the inflammatory stress, suggesting that TNF-␣ alone may not have a major role in this model (Ogawa et al, 1999) . Alternatively, we hypothesized that IL-1␤, which shows a striking overlap of biologic activities with TNF-␣ (Le and Vilcek, 1987) , may play an important role in this model because recent studies suggested that IL-1␤ plays an important role in the regulation of inflammation and wound healing on the ocular surface (BenEzra et al, 1990; Coxon et al, 2002; Dana et al, 1998b; Sotozono et al, 1997; Wilson et al, 2001) Thus, we have investigated whether the monocyte/ macrophage-attracting proteins, MCP-1 and proinflammatory cytokine IL-1␤, play a role in attracting monocytes/macrophages and/or inducing neovascularization in a mouse model of corneal neovascularization. Experiments were also performed to determine the cellular sources of these molecules.
Results

Induction of MCP-1 and IL-1␤ in Cauterized Corneas
We tested for MCP-1 and IL-1␤ in the cauterized cornea model because they have been recently reported to play an important role in the pathogenesis of several wound-and inflammation-related models (Boring et al, 1998; Dana et al, 1998b; Gosling et al, 1999; Gu et al, 1998; Low et al, 2001; Sotozono et al, 1997; Yoshida et al, 2003a) . The protein levels of MCP-1 and IL-1␤ were determined by ELISA with the level of TNF-␣ protein as a negative control. At 12 hours after cauterization, both MCP-1 and IL-1␤ protein levels had increased significantly, then declined markedly by Day 5 (Fig. 1, A and B) . MCP-1 protein was not detected in untreated normal corneas, and in contrast, 100 to 200 pg/mg total protein of IL-1␤ was observed in the normal corneas. Similar to our earlier results (Ogawa et al, 1999) and those of others (Sotozono et al, 1997) , the levels of TNF-␣ protein were not significantly changed after chemical cauterization (Fig.  1C) .
We then performed real-time quantitative RT-PCR (qRT-PCR) analysis of cauterized corneas to quantify the level of MCP-1 and IL-1␤. Both MCP-1 and IL-1␤ mRNA were dramatically increased as early as 12 hours after cauterization (about 120-and 90-fold, respectively), and then the mRNA expressions of both decreased (Fig. 2) .
Localization of MCP-1 and IL-1␤ in Cauterized Corneas by In Situ Hybridization and Immunohistochemistry
To determine the cellular source of MCP-1 and IL-1␤ in cauterized corneas, serial sections of cauterized corneal tissues obtained 12 hours after cauterization were subjected to in situ hybridization with antisense or sense riboprobes of equivalent specific activity. In sections of cauterized corneas incubated with antisense riboprobes (Fig. 3B ) and with sense riboprobes (Fig. 3C ), MCP-1 was predominantly present in corneal epithelial cells, especially in the basal cells (Fig.  3B) . In contrast, IL-1␤ was observed in both inflammatory cells within the corneal stroma and corneal epithelial cells (Fig. 3E , with antisense riboprobes; Fig.  3F , with sense riboprobes). The expression of MCP-1 with antisense riboprobes was weak, if detected at all (Fig. 3A) , and that of IL-1␤ was weakly detected in untreated corneal epithelium (Fig. 3D) . Double staining of corneas with antibodies specific for monocytes/ macrophages and IL-1␤ revealed that this cytokine was found in monocytes/macrophages at Day 2 after cauterization (Fig. 4 , A to C).
Induction of Neovascularization by IL-1␤ and MCP-1 by Corneal Micropocket Assay
To determine whether IL-1␤ and MCP-1 are directly associated with the onset of angiogenesis, we implanted Hydron pellets impregnated with IL-1␤ or MCP-1 into rat corneas. IL-1␤ (10 ng) or MCP-1 (50 ng) elicited an angiogenic response, but administra- Yoshida et al tion of PBS alone did not (Fig. 5) . Both IL-1␤ and MCP-1 could thus induce angiogenesis in rat corneas in vivo.
Neutralizing IL-1␤ and MCP-1 Reduces Cauterization-Induced Neovascularization
We next determined whether neutralization of IL-1␤ and MCP-1 in the cornea-cauterization model would attenuate the angiogenic response. Passive immunization with neutralizing IL-1␤ and MCP-1 antibodies on Days 0 and 3 led to reduced total neovascularization for both, to a similar extent as compared with control values (29% and 28% decrease, respectively, p Ͻ 0.05; Fig. 6 ). Coadministration of the two antibodies inhibited neovascularization to a slightly lager degree than single administration of each antibody Time kinetics for protein levels of monocyte chemotactic protein-1 (MCP-1) (A), IL-1␤ (B), and TNF-␣ (C) after chemical cauterization. Four corneas were removed after cauterization at the indicated time. Corneal lysates were prepared and were individually assayed by ELISA. The bars show the mean Ϯ SEM of four independent experiments per time point. Statistically significant differences (*p Ͻ 0.01; **p Ͻ 0.02) compared with normal mice.
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Laboratory Investigation • July 2003 • Volume 83 • Number 7 (35% decrease, respectively, p Ͻ 0.05; Fig. 6 ). In contrast, injections of MIP-1␣ antibodies alone did not affect cauterization-induced corneal neovascularization (Fig. 6 ). Mice treated with cauterization alone had similar degree of neovascularization as control nonimmune antibody-treated mice (data not shown).
Neutralizing IL-1␤ and MCP-1 Does Not Inhibit Basic Fibroblast Growth Factor (bFGF)-Induced Corneal Neovascularization
We then examined the effect of IL-1␤ and MCP-1 neutralizing antibodies on the bFGF-driven neovascu- Determination of the mRNA levels of MCP-1 (A) and IL-1␤ (B) by real-time quantitative RT-PCR. RNA prepared from untreated corneas and cauterized mouse corneas at indicated time points were subjected to analysis for MCP-1 and IL-1␤ mRNA. The values obtained from corneal RNA preparations of the mice at each time point have been normalized to the level of hypoxanthine guanine phosphoribosyl transferase mRNA and divided by the value of untreated control corneas. The bars show the mean Ϯ SEM of four independent experiments per time point. Statistically significant differences (*p Ͻ 0.01; **p Ͻ 0.02) compared with the normal subjects.
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larization developed in the cornea of mice. bFGF treated with control nonimmune antibody on Days 0 and 3 induced angiogenesis strongly in an avascular area of the cornea (Fig. 7 ). Quantitative analysis, using six mice for each assay, showed minimal inhibition of the bFGF-induced neovascularization when anti-IL-1␤ or anti-MCP-1 were administered, although the degree of neovascularization after each antibody was slightly lower than in the control mice (Fig. 7 ). Mice treated with bFGF alone had a similar degree of neovascularization as control nonimmune antibodytreated mice (not shown).
Depletion of MCP-1 Reduced Monocyte/Macrophage Infiltration into Cornea
To assess the contribution of MCP-1 to monocyte/ macrophage recruitment into cornea, mice were treated with neutralizing anti-MCP-1 antibody on Days 0 and 2 after cauterization. At 3 days after cauterization, the number of monocytes/macrophages at the wound site was quantified histologically. Compared with controls, mice treated with anti-MCP-1 antibody exhibited a significant decrease in the number of monocytes/macrophages present in the wounds (29% decrease, p Ͻ 0.05; Fig. 8 ). In contrast, when compared with controls, mice treated with anti-MIP-1␣ antibody exhibited no significant difference in the number of monocytes/macrophages present at the wound sites, although the degree of monocyte/macrophage density in the eyes treated with anti-MIP-1␣ antibody was lower than in the controls (Fig. 8 ). Mice treated with cauterization alone had a similar density of monocytes/macrophages as control nonimmune antibody-treated mice (not shown).
Discussion
Cytokine-mediated cellular communications are thought to be of paramount importance in corneal injury and wound healing in which epithelial, stromal, and vascular endothelial cells are conjoined structurally and functionally (Wilson et al, 1999) . At the site of corneal injury, a large array of monocytic chemoattractants is thought to be present (Wilson et al, 2001) . We have observed a dramatic increase of MCP-1 mRNA and proteins by real-time qRT-PCR and ELISA, respectively, in response to chemical cauterization of mouse corneas (Figs. 1 and 2) . Administration of anti-MCP-1, which blocked monocyte/macrophage infiltration, interfered with the inflammatory neovascularization (Figs. 6 and 8). Additionally, exogenous administration of MCP-1 into the corneal stroma induced neovascularization in the rat cornea pocket assay model (Fig. 5C ). We have also observed that both MCP-1 and IL-1␤ induce neovascularization in the mouse cornea pocket model (Yoshida S, unpublished data) . These observations strongly indicate that MCP-1 plays a critical role in recruiting monocytes/ macrophages and in the neovascularization in this model.
Our observations are consistent with previous reports using other inflammatory models in which the absence of MCP-1 led to a reduction in monocyte/ macrophage infiltration (Boring et al, 1998; Gosling et al, 1999; Gu et al, 1998) . Recently, a direct effect of chemokines, which are not related to monocyte/macrophage recruitment, on angiogenesis has been suggested (Salcedo et al, 2000) . This indicates that MCP-1 may have two independent effects in this model: enhancement of the chemotaxis of monocytic cells and stimulation of angiogenic activity. In addition, Moldovan et al (2000) recently demonstrated that cardiac overexpression of MCP-1 resulted in macrophage infiltration, which might play a role in the elaboration of new blood vessels by digging channels that become invested with endothelial progenitor cells to form capillaries. In addition to the secretion of angiogenic factors, these findings suggest another mechanism by which macrophages may participate in the elaboration of new blood vessels. Because endothelial progenitor cells make a significant contribution to corneal neovascularization (Murayama et al, 2002; Takahashi et al, 1999) , similar drilling mechanisms might exist in the elaboration of new blood vessels in the inflammatory cornea.
We have previously demonstrated that MIP-1␣, another chemokine, mediates the recruitment of monocytes/macrophages in several inflammatory diseases and is also induced during inflammatory neovascularization in the same cauterization model (Ogawa et al, 1999) . Additionally, in an excisional wound repair mouse model, other researchers have reported that MIP-1␣ plays a critical role in macrophage recruitment into wounds (DiPietro et al, 1998) . Therefore, we also examined the effect of anti-MIP-1␣ antibody on the monocyte/macrophage recruitment and neovascularization in this study. However, depletion of MIP-1␣ by a specific antibody did not significantly change monocyte/macrophage infiltration and neovascularization, although we did observe a weak inhibitory effect of anti-MIP-1␣ antibody on monocyte/macrophage density and neovascularization compared with the controls (Figs. 6 and 8) . Thus, MIP-1␣ plays a less important role than MCP-1 in this model, and the different effects of these chemokines in different inflammatory models might indicate that these chemokines exhibit their functions in a tissue-specific and environmental stress-specific manner (Low et al, 2001) .
Although there are a number of cytokine systems that may participate in the responses associated with corneal injury, many investigators have suggested that the IL-1 system is especially important because it regulates many processes that are integral to the response to injury (Wilson et al, 2001 ). In support of this, our results demonstrated a dramatic increase of IL-1␤ at both the mRNA and protein levels ( Figs. 1 and  2 ), in response to cauterization. It has been thought that IL-1␤, which lacks signal sequences for transport from the cell, is constitutively expressed in the corneal epithelium and released via cell injury or death (Weng et al, 1997) . We also observed basal levels of IL-1␤ expression in normal corneas (Fig. 1B) , and the dramatic increase in the mRNA level of IL-1␤ after cauterization suggests that de novo synthesis may also occur. Additionally, exogenous administration of IL-1␤ into the corneal stroma induced strong neovascularization in a cornea pocket assay (Fig. 5B) , and administration of anti-IL-1␤ antibody interfered with inflammatory neovascularization (Fig. 6 ). These findings indicate that this molecule is indeed involved in inflammatory corneal neovascularization. IL-1␤ can enhance the production of potent angiogenic factors such as IL-8 (Elner et al, 1991) , vascular endothelial growth factor (Li et al, 1995) , and hepatocyte growth factor (Weng et al, 1997) , in addition to adhesion molecules (Beck and D'Amore, 1997; Brooks et al, 1994; Zhu and Dana, 1999) and proteases (Girard et al, 1991) . Therefore, IL-1␤-dependent corneal inflammatory neovascularization might be mediated through these angiogenesis-related molecules induced by IL-1␤ itself, as secondary mediators in an autocrine/paracrine fashion. Moreover, IL-1␤ can also induce stromal edema and increase the permeability of the pericorneal and iris blood vessels, and the increased leakage and extravasation of plasma fibrinogen may aid in the formation of new extracellular matrix and contribute significantly to neovascularization. These suggestions agree well with other studies that have demonstrated that topical IL-1 receptor antagonist displays significant suppression of corneal inflammatory neovascularization (Dana et al, 1998a; Zhu and Dana, 1999) .
We also examined the role of IL-1␤ and MCP-1 in corneal neovascularization driven by a more "standard" growth factor, bFGF, using the mouse cornea pocket assay model. In this well-established model, minimal inflammatory response has been reported (Kenyon et al, 1996) and we have also observed minimal monocyte/macrophage infiltration after implantation of Hydron pellets (not shown). In contrast to the contribution of IL-1␤ and MCP-1 on the inflammatory corneal neovascularization, there seemed to be little association of these molecules with bFGFdependent corneal neovascularization (Fig. 7) . This indicates that distinct monocyte/macrophageinvolving angiogenic pathways exist in mouse cornea and suggest some advantages of this inflammatory corneal neovascularization model, rather than the corneal pocket model with artificial pellets, for understanding the inflammatory corneal neovascularization that may occur during pathologic development in several corneal disorders. 
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The corneal epithelial tissue surface is exposed to the external environment and acts as a protective barrier (Kinoshita et al, 2001 ). In situ hybridization for MCP-1 and IL-1␤ showed a prominent increase in positive cells located in the basal epithelial layer of cornea at 12 hours after the cauterization (Fig. 3, B and E) in comparison to the lower level of staining in the noncauterized corneas of control mice (Fig. 3, A  and D) . This observation suggests that the corneal epithelial cells, especially the basal cells, play an early and crucial role in the initiation of ocular surface responses after injury. Therefore, in addition to the recruited monocytes/macrophages, the corneal epithelial cells, especially basal cells adjacent to the site of the injury, can be potential cellular targets for modulating inflammatory neovascularization in the cornea.
The modest inhibition of inflammatory corneal neovascularization by IL-1␤ and MCP-1 neutralizing antibodies observed in this study suggests that many other stimuli (ie, soluble factors, cells, and perhaps extracellular matrix breakdown products) are important modulators of this process, and these issues must be carefully explored by a global expression profiling using state-of-the-art technologies such as DNA microarray systems (Yoshida et al, 2002) . Nonetheless, our present study suggests a distinct and critical role of MCP-1 and IL-1␤ in the development of inflammatory corneal neovascularization. Because the inhibitory effect of inflammatory corneal neovascularization by coadministration of the two antibodies was not additive (Fig. 6) , IL-1␤-and MCP-1-dependent angiogenic pathways might overlap in part. Based on our study, we hypothesize that the MCP-1 released from corneal epithelial cells around the site of injury (Fig. 3B ) attracts monocytes/macrophages from peripheral blood into the cornea, where these monocytes/macrophages release IL-1␤ (Fig. 4) leading to corneal neovascularization. In parallel, IL-1␤ and MCP-1 released from corneal epithelial cells (Fig. 3, B and E) may induce corneal neovascularization irrespective of monocyte/macrophage recruitment. Our present study raises the possibility that specific molecular targeting strategies, such as the use of antibodies and/or RNA interference directed against IL-1␤ and/or MCP-1 as well as antagonists against their receptors, may eventually offer a novel approach to the management of inflammatory corneal neovascularization associated with a number of pathologic corneal states, such as chemical burn, infection, and corneal transplantation. The effect of IL-1␤ and MCP-1 on in vivo angiogenesis in rat cornea. Hydron pellets were formulated as described in "Materials and Methods" and implanted into rat corneas. After 6 days, vessels in the region of the pellet implant were photographed. Pellets contained (A) PBS, (B) IL-1␤, and (C) MCP-1.
Figure 6.
Effect of IL-1␤, MCP-1, and macrophage inflammatory protein-1␣ (MIP-1␣) neutralizing antibodies on corneal neovascularization in the cauterized cornea. Mice were treated with antibody and cauterized as described in "Materials and Methods." Data are expressed as mean Ϯ SEM (n ϭ 6). *Statistically significant differences (p Ͻ 0.05) compared with the value obtained with the control goat antibody.
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Materials and Methods
Animal Model of Chemical Cauterization
All experimental procedures on the animals were performed according to the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research.
Chemical cauterization was performed as previously described (Ogawa et al, 1999) . Ten-week-old female BALB/c mice were deeply anesthetized by an intraperitoneal injection of 1.0 mg of sodium pentobarbital. Corneas were cauterized with an applicator stick made up of 0.75 mg/ml silver nitrate (Nacalai Tesque, Inc., Kyoto, Japan). The tip of the applicator was applied 1 mm from the limbus so that a grayishwhite patch (1 mm diameter) of cauterized tissue marked the point of contact. Erythromycin ophthalmic ointment (Santen Pharmaceutical Company, Osaka, Japan) was applied to the eye after the cauterization.
ELISA
Cytokine levels were measured using an ELISA kit for MCP-1, IL-1␤, and TNF-␣ (Biosource International, Camarillo, California) as previously described (Yoshida et al, 2003a) . The sensitivities of the MCP-1, IL-1␤, and TNF-␣ were 9.0, 3.0, and 3.0 pg/ml, respectively. Corneas were removed from the mice at the selected times after cauterization and were individually immersed in 500 l of lysis buffer containing 20 mM Quantification of basic fibroblast growth factor (bFGF)-driven corneal neovascularization in mice. Mice were treated with control nonimmune antibody, IL-1␤ or MCP-1 neutralizing antibody, and Hydron pellets containing 50 ng of bFGF were implanted into the corneas of BALB/c mice as described in "Materials and Methods." Six days later, vessels in the region of the pellet implant were photographed. Representative photographs of mouse corneas with Hydron pellets containing PBS alone (A), bFGF treated with control antibody (B), bFGF treated with anti-IL-1␤ antibody (C). D, Neovascular areas developed in mouse cornea were quantified as described in "Materials and Methods." Antibodies to neither IL-1␤ nor MCP-1 significantly inhibited bFGF-induced corneal neovascularization. Data are expressed as mean Ϯ SEM (n ϭ 6).
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imidazole HCl, 10 mM KCl, 1 mM MgCl 2 , 10 mM EGTA, 1% Triton, 10 mM NaF, 1 mM sodium molybdate, and 1 mM EDTA (pH 6.8) supplemented with a protease inhibitor cocktail (Roche Biomedical Systems, Indianapolis, Indiana). The corneas were pooled so that each test sample was made up of four whole corneas and were stored at Ϫ80°C until use.
When used, the samples were thawed, homogenized in Polytron homogenizer (Polytron, Swiss), sonicated for 30 seconds, and clarified by centrifuging at 150 ϫg for 10 minutes. The clarified corneal lysates were then assayed using ELISA. The total protein was determined with a commercial assay (Coomassie plus protein assay reagent kit; Pierce, Rockford, Illinois).
Real-Time qRT-PCR
Real-time qRT-PCR was performed on the purified RNAs of corneas from selected times. Total RNA was extracted from dissected mouse corneas, treated with DNase, diluted by 20-fold in water, and subjected to reverse transcription using standard procedures. PCRs were performed with the Roche LightCycler system with a SYBR-Green Master kit (Roche Biomedical Systems). The following primer pairs were designed and used: for MCP-1, 5'-ATCCCAATGAGTAGGCTGGAGAGC-3' and 5'-CAGAAGTGCTTGAGGTGGTTGTG-3'; for IL-1␤, 5'-CTACGAATCTCCGACCACCACTAC-3' and 5'-GGCT-TATCATCTTTCAACACGCAG -3'; and for hypoxanthine guaninephosphoribosyltransferase,5'-CTACGAATCTC-CGACCACCACTAC-3' and 5'-GGCTTATCATCTT-TCAACACGCAG -3'.
The optimal cycle programs were determined for each gene in preliminary PCR runs to obtain a single, specific PCR product as verified by melting curve analysis followed by gel electrophoresis. The cDNA quantities were calculated with the LightCycler analysis software as described previously (Morrison et al, 1998; Simpson et al, 2000) . Both MCP-1 and IL-1␤ were normalized to hypoxanthine guanine phosphoribosyl transferase cDNA fragments.
Generation of Riboprobes
The cDNAs for mouse MCP-1 and IL-1␤ were generated by RT-PCR with the same primers used for qRT-PCR. The PCR conditions were as follows: 10 minutes at 94°C, followed by 35 cycles at 72°C for 20 seconds, 94°C for 30 seconds, and 60°C for 30 seconds, with a final extension step at 72°C for 5 minutes. The resulting PCR fragments were subcloned into TOPO-2 (Invitrogen, San Diego, California) according to the manufacturer's protocol. Their nucleotides were sequenced, and the inserts were identified with murine MCP-1 and IL-1␤. Clones with both orientations were selected so that the same RNA polymerase (SP6) could be used to generate antisense and sense riboprobes. The templates were linearized with EcoRV, and in vitro transcription was performed using digoxigenin-labeled uridine triphosphate (Roche Biomedical Systems) according to the manufacturer's protocol.
In Situ Hybridization
Mice corneas, obtained 12 hours after cauterization, were fixed in 4% paraformaldehyde for 2 hours and embedded in paraffin. In situ hybridization was performed as described previously (Yoshida et al, 2003a) . Briefly, corneas were rehydrated and treated with proteinase K, followed by refixing in 4% paraformaldehyde in PBS for 10 minutes. The corneas were then acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine-HCL buffer (pH 8.0) for 10 minutes, dehydrated, and dried. Hybridization was performed with fresh hybridization buffer (600 mM NaCl, 10 mM Tris-HCl (pH 7.6), 5 mM EDTA (pH 8.0), 1ϫ Denhardt's solution, 50% formamide, 17 mg/ml yeast transfer RNA, and 10% weight/volume dextran) plus an approximately diluted sense or antisense digoxigeninlabeled RNA probe for 12 to 16 hours at 60°C. After hybridization, the corneas were washed to remove nonspecifically bound RNA probe, and immunologic detection was performed by anti-digoxigenin Fab fragments conjugated to alkaline phosphatase as described in the system protocol (Roche Biomedical Systems).
Double Staining for Monocytes/Macrophages and IL-1␤
Cauterized eyes were enucleated, and the corneas were dissected from the eye. They were fixed in 4% paraformaldehyde at 4°C for 1 hour, with acetone for 20 minutes, incubated in PBS for 15 minutes, and blocked in normal serum for 30 minutes. The corneas were then incubated for 60 minutes at 37°C with rat monoclonal anti-F4/80 antibody (1:10 dilution; Biosource). After three washes with PBS, specimens were incubated with fluorescein-conjugated anti-rat IgG (Cappel, Durham, North Carolina) at room temperature for 1 hour. After three washes with PBS, specimens were placed in rabbit polyclonal anti-IL-1␤ antibody (1:100 dilution; Santa Cruz Biochemicals, Santa Cruz, California) for 1 hour at 37°C and then incubated with rhodamine conjugated anti-rabbit IgG (Cappel) at room temperature for 1 hour. The specimens were mounted and examined under a Leica (Wetzlar, Germany) fluorescence microscope. For negative controls, rat and rabbit nonimmune IgG was used as the primary antibody.
Corneal Pocket Assay
The rat or mouse corneal assay was performed essentially as described (Yoshida et al, 1997 (Yoshida et al, , 1998 (Yoshida et al, , 2003b . Briefly, 5-l Hydron pellets (Interferon Sciences, New Brunswick, New Jersey) containing mouse MCP-1 or IL-1␤ (R&D Systems, Minneapolis, Minnesota) were implanted into the cornea of anesthetized male Sprague-Dawley rats. For mouse corneal assay, 0.3-l Hydron pellets containing mouse bFGF were prepared and implanted in the corneas of male BALB/c mice. After 6 days, the animals were killed and the corneal vessels were photographed. Six rats or mice were used to assess the effect of each molecule.
Subconjunctival Inoculations
Injections of antibodies were performed by using a 33-gauge needle to penetrate the perivascular region of the conjunctiva and delivering 3 l into the subconjunctival space. Injections were performed 1 hour before cauterization or implantation of bFGFcontaining Hydron pellets and 2 or 3 days after cauterization or implantation. The concentration of goat anti-MCP-1, IL-1␤, MIP-1␣, and control nonimmune IgG (R&D Systems) administered was 10 g/l.
Quantification of Corneal Neovascularization
Photographs were taken using Fuji Ektachrome film (Fuji Photo Film Company, Tokyo, Japan) on the fifth (for the cauterization) or sixth (for pellet implantation) postoperative day using a scale and the same magnification. Images of the corneas were scanned using Nikon Coolscan software (Nikon Company, Tokyo, Japan) with standardized illumination, contrast, and threshold settings, and were saved on disk as Tag image file format (TIFF). The areas of corneal neovascularization were analyzed with the National Institutes of Health Image 1.61 software package (http:// rsb.info.nih.gov/nih-image). The areas are expressed in square millimeter.
Quantification of Monocyte/Macrophage Infiltration
To quantify the degree of monocyte/macrophage infiltration, 3-m sections of the eyes were cut, and after removal of paraffin and rehydration, the sections were incubated with rat polyclonal anti-mouse F4/80 (1:13 dilution) for 1 hour at room temperature. Bound antibodies were detected by the conventional avidinbiotin-peroxidase protocol (Yoshida et al, 1999b) , with 3-amino-9-ethylcarbazole as substrate. For negative controls, rat nonimmune IgG was used as the primary antibody.
In each case, a brief scan was made of the entire section at low power, and then the monocyte/macrophage infiltration was assessed microscopically three times by a masked observer. The number of monocytes/macrophages per microscopic field (ϫ400 magnification) was recorded for four to six sections for each mouse.
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Statistical Analysis
